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The ClpXP protease of bacteria can degrade a wide
variety of proteins while maintaining remarkable
substrate selectivity. New work in Escherichia coli
implicates adaptor proteins in enhancing substrate
selectivity and regulating the flow of substrates to
cellular proteases.
Much of the early work on proteolysis focused on
secreted proteases, such as trypsin, whose primary
job is to degrade virtually any protein that crosses its
path. The rules that govern substrate specificity for
trypsin are relatively simple: any protein is cleaved
after an accessible lysine or arginine. In contrast, intra-
cellular proteases must be much more selective in how
they recognize their substrates to prevent rampant
degradation of cellular proteins. Intracellular proteases
can have many functions, ranging from clearing
damaged proteins to degrading specific substrates as
part of regulatory pathways. A fundamental question in
studying such proteases is how do they select specific
substrates among all the proteins in the cell, and then
degrade these substrates at the proper time and to the
proper extent. The ClpXP protease of bacteria, which
belongs to a family of energy-dependent proteases
that are related to the 26S proteasome of eukaryotes,
selects its substrates through peptide motifs in the
substrate itself and through adaptor proteins that mod-
ulate proteolysis by binding to both substrate and pro-
tease [1]. Recent work on the SspB adaptor protein [2]
demonstrates that adaptors play key roles ensuring
that specific substrates are degraded quickly and effi-
ciently, and suggests that adaptors also regulate the
flow of substrates to cellular proteases.
ClpXP is a cytoplasmic protease that plays an
important role in many cellular processes, including
regulation of stress responses and protein quality
control. Along with other bacterial energy-dependent
proteases, ClpXP has two components: a peptidase
and a chaperone, ClpP and ClpX, respectively. The
peptidase component forms a barrel-shaped oligomer,
with the active sites sequestered in the internal cavity
of the barrel [3]. Cellular proteins are protected from
degradation because only unfolded peptides can pass
through the narrow opening of the barrel [3]. Folded
substrates must first interact with the chaperone com-
ponent which unfolds, then translocates them into the
cavity of the peptidase for degradation, using energy
derived from ATP hydrolysis [4]. The chaperone
subunit is also responsible for specifically recognizing
substrate proteins.
Significant advances have been made in recent
years, particularly with Escherichia coli, in identifying
substrates of ClpXP and determining how ClpXP
selects these substrates. Five different peptide motifs
found in ClpXP substrates have been characterized
that are directly recognized by ClpX and can target a
heterologous protein for degradation [5]. In addition,
two adaptor proteins have been identified that aid in
substrate selection, RssB and SspB. RssB and SspB
play two fundamentally different roles as adaptors.
RssB is very specific and interacts with the starvation
factor, RpoS. RpoS is subject to many levels of
regulation, including proteolytic stability [6]; RssB is
required to target RpoS to ClpXP for degradation,
because ClpXP does not directly recognize RpoS
alone [7,8]. In contrast, SspB stimulates the degrada-
tion of ssrA-tagged proteins, which are already good
substrates for ClpXP (Figure 1) [9].
The ssrA tag is a peptide that is added
cotranslationally to the carboxyl termini of nascent
polypeptides in stalled translation complexes, and
targets these proteins for degradation by several
cellular proteases, including ClpXP [10,11]. SspB
enhances their degradation by simultaneously binding
to the ssrA tag and ClpX, thereby increasing the
effective concentration of the substrate on ClpXP and
reducing the Km [9,12–15]. SspB also channels ssrA-
tagged proteins to ClpXP by blocking a motif
recognized by another protease [12]. Despite
extensive characterization of SspB and its interactions
with ssrA-tagged substrates, the physiological
consequences of the SspB-dependent increase in
proteolytic efficiency are unclear, and it is not known
whether SspB has any other targets in the cell.
Flynn et al. [2] began by asking whether SspB could
influence the selection of ClpXP substrates other than
ssrA-tagged proteins. They modified an approach, used
earlier to identify substrates of ClpX, which took advan-
tage of a catalytically inactive variant of ClpXP, ClpXP-
trap [5].  In cells expressing ClpXPtrap, substrates are
delivered to ClpP by ClpX, but remain trapped in the
inactive ClpP oligomer [4,16]. ClpXP substrates can be
identified by purifying ClpXPtrap oligomers from cells,
separating the trapped proteins on 2D gels, and identi-
fying individual proteins by mass spectrometry [5]. 
To analyze the effect of SspB on substrate selectivity
by ClpXP, the spectrum of proteins associated with
ClpXPtrap was compared in strains with and without
SspB. To focus on novel substrates for SspB, the ssrA-
tagging system was inactivated in these strains as well.
The results show that SspB can indeed modulate sub-
strate choice, even in the absence of ssrA tagging.
Although many proteins were efficiently trapped regard-
less of whether SspB was present, several proteins
were more efficiently trapped in the presence of SspB,
suggesting that SspB enhances their degradation.
Moreover, several proteins were preferentially trapped
in the absence of SspB, indicating that SspB can also
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act to inhibit degradation by ClpXP. These exciting
results demonstrate that, not only can SspB target pro-
teins that do not have an ssrA tag to ClpXP, but SspB
can also block the association of substrates with ClpXP. 
Although SspB clearly affects the distribution of sub-
strates with ClpXP, does it do so by directly interacting
with the proteins? Or are the observed changes due to
indirect effects that alter the composition of the pool of
substrates competing for cleavage by ClpXP? Further
analysis of one of the most abundant SspB-dependent
ClpXP-trapped proteins, an amino-terminal fragment of
the antisigma factor RseA, shows that SspB directly
augments its degradation by ClpXP [2]. Furthermore,
SspB does so using the same mechanism employed to
enhance the degradation of ssrA-tagged substrates.
Peptide binding studies indicate that the RseA
fragment can directly compete with an SsrA-tagged
protein for binding to SspB. Surprisingly, the SspB
recognition motif in RseA is unrelated to the motif in
the ssrA tag [2,12]. Several important questions are
raised by these results. How does SspB specifically
recognize two seemingly unrelated substrates? Do the
other substrates identified in the ClpXPtrap experiments
also interact with SspB via a similar mechanism? How
broad is SspB’s substrate specificity?
Studies with SspB and ssrA-tagged substrates
focused primarily on mechanistic aspects of the
interaction because there is not a good assay in E. coli
to assess the influence on cellular physiology of
adaptor-mediated proteolysis of ssrA-tagged proteins.
This question is accessible with RseA, as RseA is a
member of a well-characterized signaling pathway that
responds to extracytoplasmic stress [17]. The extracy-
toplasmic stress response is initiated by a rapid
increase in the degradation rate of RseA [18]. Flynn et
al. [2] show that SspB helps to fine-tune the stress
response, so that it is activated quickly and efficiently.
In the absence of SspB, induction of the extracyto-
plasmic stress response is reduced and delayed. 
An intriguing hypothesis raised by these studies is
that SspB and similar adaptors regulate the flow of
substrates to different cytoplasmic proteases by both
enhancing and inhibiting the association of particular
substrates with particular proteases. A growing body
of evidence indicates that this is the case. Another
adaptor-like protein, ClpS, regulates the flux of sub-
strates to the ClpAP protease, preventing degradation
of some substrates while promoting the degradation
of aggregated proteins [19]. It is likely that new
classes of adaptors have yet to be discovered. The
use of adaptors provides a wealth of opportunities for
intricate regulation of proteolysis in the cell via control
of the association of substrates with adaptors,
competition among substrates for adaptors, and
combinatorial effects of multiple adaptors interacting
with different substrates and proteases.
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Figure 1. Substrate selection by ClpXP using intrinsic signals
and adaptor proteins.
ClpXP can directly recognize peptide motifs that are generally
located at the amino or carboxyl terminus of the substrate,
represented here by the thick line on the substrate (top left) [5].
The adaptor SspB enhances the degradation of substrates
that already are recognized by ClpXP by binding to both
ClpXP and the substrate (bottom left). The substrate binding
domain of SspB forms a dimer and binds to the substrate near
the ClpXP recognition motif [12,13,15]. In addition, SspB binds
to ClpXP via its flexible carboxy-terminal tail [14,20]. Once
bound, the substrate is unfolded by multiple rounds of ATP
hydrolysis, translocated into the proteolytic cavity, and
degraded [4]. SspB is not degraded and may be recycled to
interact with additional substrates.
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